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ABSTRA CT

We present a detailed analysis of the JIT, JET, and Horizon wavelength resenation schemesfor optical burst
switched (OBS) networks. Our analysis accourts for seweral important parameters, including the burst o set
length, and the optical switching and hardware processingoverheadsassaiated with bursts asthey travel across
the network. The contributions of our work include: (i) analytical models of JET and Horizon (on a single
OBS node) that are more accurate than previously published ones,and which are valid for generalburst length
and o set length distributions; and (i) the determination of the regions of parameter valuesin which a more
complex resenation scheme reducesto a simpler one. We compare the performance of the three wavelength
resenation schemeson a single OBS node under various sets of parameter values. Our major nding is that,

under reasonableassumptionsregarding the current and future state-of-the-art in optical switch and electronic
hardware technologies,the simplicity of JIT seemsto outweigh any performancebene ts of Horizon and JET.

1. INTR ODUCTION

Optical burst switching (OBS) is a technology positioned between wavelength routing (i.e., circuit switching)
and optical padcket switching. All-optical circuits tend to be ine cien t for trac that has not been groomed
or statistically multiplexed, and optical padket switching requires practical, cost-e ective, and scalableimple-
mentations of optical bu ering and optical headerprocessing,which are se\eral yearsaway. OBS is a technical
compromisethat doesnot require optical bu ering or packet-level parsing, and it is more e cien t than circuit
switching when the sustainedtrac volume doesnot consumea full wavelength. The transmission of ead burst
is precededby the transmission of a setup (also referredto as burst headercortrol) messagewhosepurposeis
to inform ead intermediate node of the upcoming data burst sothat it can con gure its switch fabric in order
to switch the burst to the appropriate output port. An OBS sourcenode doesnot wait for con rmation that an
end-to-end connection has beenset-up; instead it starts transmitting a data burst after a delay (referred to as
o set ), following the transmission of the setup message We assumethat OBS nodeshave no bu ers, therefore,
in caseof congestionor output port conict, they may drop bursts.

OBS networks have received considerableattention recertly, mainly through theoretical investigations. A
number of wavelength resenation schemeshave beenproposedfor OBS, including just-enough-time (JET) [1],
Horizon [2], just-in-time (JIT) [3,4], and wavelength-routed OBS [5] which usestwo-way resenations. The burst
loss performance of OBS networks has been studied extensively using either simulation or simple analytical
models[2,6{11]. Typically, an output port of an OBS node hasbeenanalyzedassumingPoissonarrivals and no
bu ering [7{10]. Under these assumptions,an output port can be modeledby a nite number of seners, eath
represerting a wavelength, with no queue. Then, the probability that a burst destined to this output port is
lost can be obtained from the Erlang-B formula. An output port can alsobe modeledasan M =M =m=K queue
by assuming Poissonarrivals and bu ering [2,11], where m is the number of wavelengthsand K m is the
capacity of the bu er. A similar model that accourts for multiple classesof bursts, ead classcharacterized by
adierent o set length, was developed in [6].

The JIT protocol is signi cantly simpler than either JET or Horizon, since it does not involve complex
scheduling or void lling algorithms; therefore, it is amenableto hardware implementation [12]. On the other
hand, previous studies have shawvn that JIT performs worsethan either JET or Horizon in terms of burst loss
probability. Indeed, giventhe sophisticatedscheduling and void lling algorithms that JET and Horizon require,
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the fact that these schemesshould outperform JIT might seema reasonableone at rst thought. However,
most of the existing studiesignore many important parameterssuc asthe o set length, the processingtime of
setup messagesand the optical switch con guration time. Therefore, there is a needfor more detailed studies
in order to explorein depth the di erences amongthe various wavelength resenation schemes,and to establish
the regionsof network operation where one schememay outperform the others.

In this paper, we presert models for an OBS node operating under the JET, JIT, and Horizon wavelength
resenation schemes. The analytical models assumePoissonarrivals, but are valid for arbitrary burst length
distributions and arbitrary o set length distributions. The modelsalsoaccourt for the processingtime of setup
messageand the optical switch con guration times, and thus, are very general. One cortribution made possible
by our analysisis the characterization of the regionsof network operation in which a more complex resenation
scheme reducesto a simpler one (i.e., when JET reducesto Horizon, and Horizon to JIT). In Section 2 we
describe the OBS node and intro duce important system parametersusedin our analysis. Section 3 provides a
detailed description of the JIT, JET, and Horizon wavelength resenation schemes,and in Section 4 we presert
analytical models of a single OBS node under the three resenation schemes.In Section5 we present numerical
results, and in Section 6 we concludethe paper.

2. THE OBS NODE UNDER STUD Y

We considera node in an OBS network whoselinks support W + 1 wavelengths. One wavelength is used for
signaling (i.e., it carries setup messagesjnd the other W wavelengths carry data bursts. The OBS node
consistsof two main componerts:

1. A signaling engine which implements the OBS signaling protocol and related forwarding and cortrol
functions. To avoid bottlenecks in the cortrol plane and to achieve operation at wire speeds,we assume
that the signaling engineis implemerted in hardware. (For example, the JITP AC hardware [12], which
was developed by MCNC-RDI, implements the JIT signaling enginein FPGA.)

2. An optical cross-onnect (OXC), which performs the switching of bursts from input to output. We assume
that the OXC consists of a non-blocking space-divisionswitch fabric, with no optical bu ers. We also
assumethat the OXC has full conversion capability, sothat an optical signal on any wavelength at any
input port can be converted to any wavelength at any output port.

Whereasburst wavelengthsare optically switched at the OBS node, the signaling wavelength is terminated
at the node, the information it carries is corverted to electronic form, and the resulting signal is passedto
the signaling engine. The signaling engine decalesthe electronic signal and processesad incoming message
using the appropriate rules. Processinga signaling messagemay involve one or more actions, including: (1) the
determination of a next hop switch for a burst; (2) the forwarding of signaling messagedo other nodes; (3)
the con guration of the OXC switching elemeris; and (4) the handling of exception conditions. The following
parametersplay an important role in the performanceof the OBS node, and will be usedin our analysis.

Tox c is the amourt of time it takesthe OXC to con gure its switch fabric to setup a connectionfrom an
input port to an output port. In other words, Tox ¢ is the delay incurred betweenthe instant the OXC
receives a command from the signaling engineto set up a connection from an input port to an output
port, until the instant the appropriate path within the optical switch is complete and can be used to
switch a burst. In this study, we assumethat this con guration delay is largely independen of the pair
of input/output ports that must be connected,aswell as of the state of the optical switch at the time the
connectionmust be performed; this assumptionis valid for optical switch technologiesunder development,
including MEMS mirror arrays [13]. Therefore, we take Tox ¢ asa constart in our study.

Tsetwp (X)) is the amount of time it takesan OBS node to processthe setup messageunder resenation
scheme X, where X can be any of JIT, JET, or Horizon. This amount of time is a function of the
resenation schemeemployed, however, for a givensdhemeX , we assumethat Tsewp (X)) iS constart across
all bursts. This is a reasonableassumption since processingof signaling messageswill most likely be
performed in hardware, and thus, the processingtime can be bounded.



Tof t set (X)) is the o set value of a burst under resenation schemeX . The o set value dependson (1) the
wavelength resenation scheme, (2) the number of nodesthe burst has already traversed,and (3) other
factors, such as whether the o set is usedfor servicedi erentiation [11]. The primary considerationin
the calculation of the o set value is to ensurethat the rst bit of the burst arrivesat the destination
node shortly after this node is ready to receiw it (i.e., just after the destination has processedhe setup
messagennouncingthe burst). The delay betweenthe setup messagendthe rst bit of the burst shrinks
as the two propagate along the path to the destination. This is becausethe setup messageencourters
processingdelays at eadh OBS node in the path, whereasthe burst travels transparently in the optical
domain. In addition, one must accourt for the switch setup delay Tox ¢ of the last OXC in the path.

Let k be the number of OBS nodesin the path of a burst from sourceto destination. Basedon the above
obsenations, it is easyto seethat the minimum o set value to guarantee that the burst will arrive at the
destination immediately after the setup messagehas been processeds equal to:

T (X) = KTsewp (X) + Toxc @)

of f set

We note that the actual o set length can take any value larger than the minimum one shown in the above

expression;in fact, the models we dewelop later can accourt for o set lengths of arbitrary distributions.

3. WAVELENGTH RESER VATION SCHEMES FOR OBS NODES

The manner in which output wavelengthsare resened for bursts is one of the principal di eren tiating factors
among OBS variants. We distinguish betweentwo types of resenations: immediate and delayel.

3.1. Immediate Reservation (JIT)

Immediate resenation, exempli ed by the Just-In-Time (JIT) family of OBS protocols [3,4], works as follows:

an output wavelengthis reservel for a burst immediately after the arrival of the correspnding setup
messagejf a wavelengthcannot be reserva at that time, then the setup messagsds rejected and the

correspnding burst is dropped.

We illustrate the operation of JIT in Figure 1. Let t be
the time a setup messagearrivesat someOBS node along the
path to the destination user. As the gure shows, once the
processingof the setup messageas completeat time t+ Tsetyp , @
wavelengthis immediately resened for the upcoming burst, and
the operation to con gure the OXC fabric to switch the burst
is initiated. When this operation completesat time t+ Tsetyp +
Tox c, the OXC is ready to carry the burst. Note that the
burst will not arrive at the OBS node under consideration until
time t + Tortset. AS aresult, the wavelength remainsidle for a
period of time equalto (Toffset Tsewp Toxc). Also, since
the o set value decreaseslong the path to the destination, the
deeper inside the network an OBS node is located, the shorter
the idle time betweenthe instant the OXC hasbeencon gured
and the arrival of the burst.

Figure 2 o ers another perspective on how immediate reser-
vation works, by considering the operation of a single output
wavelength of an OBS node. Each such wavelength can be in
one of two states: reserved or free . Figure 2 shows two suc-
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Figure 1. Immediate wavelength resenation

cessiwe bursts, i and i + 1, suaessfuly transmitted on the sameoutput wavelength. As we can see,the setup
messagecorresponding to the i-th burst arrivesat the switch at time t;, when we assumethat the wavelength
is free . This messageis accepted, the status of the wavelength becomesreserved and, after an amount of



time equal to the o set, the rst bit of the optical burst arrivesat the switch at time t,. The last bit of the
burst arrivesat the switch at time t3, at which instant the status of the wavelength is updated to free . Note
that, any new setup messagethat arrivesbetweent; and t3 when the status of the wavelength is reserved is
rejected, sincethe wavelength cannot be immediately resened. The length of the interval, t3 ti, during which
new setup messagesre rejected, is equal to the sum of the o set value and the length of burst i.

Suppose now that the next setup messagefor this
wavelength arrivesat time t4 > t3, while the wavelength Setup Message Setup Message

. i . Arrival (Burst i) Arrival (Burst i+1)

is still free . Consequetly, the burst corresponding to

this messagebecomesthe (i + 1)-th burst to suaessfuly

depart on this wavel_er_lgth; note thgt this burst may not ..., — o
be the (i + 1)-th arriving burst, since somesetup mes- t t, t, Lt t Time
sage(s)may have beenrejected by the switch beforetime Free Reserved Free Reserved — Free

t3. After an amourt of time equalto the o set, the burst B offsetide Time) T opicalBurst

arrivesat time ts, and its transmission ends at time tg,
at which instant the wavelength becomesfree again. Figure 2. Operation and departure processof a wave-

As Figure 2 illustrates, immediate resenation is sim- length with immediate resenation (JIT)
ple. Time is divided into periods during which the wave-
length is reserved , followed by periods during which it is free . The length of a reserved period is equal to
the burst length plus the corresponding o set, while the length of a free period is equal to the time until the
arrival of the next setup message.Also, serviceon eath wavelength is rst-come, rst-serv ed (FCFS), in the
sensethat bursts are served in the order in which their corresponding setup messagesrrive at the switch.

3.2. Delayed Reserv ation

The Horizon [2] and JET [1,14] protocols employ a delayed resenation schemewhich operates as follows:
an output wavelengthis reservel for a burst just before the arrival of the rst bit of the burst; if, upon
arrival of the setup messagejt is determined that no wavelengthcan be reservel at the appropriate
time, then the setup messagds rejected and the correspnding burst is dropped.

Figure 3illustrates the operation of delayed resenation. Let

us again assumethat a setup messagearrivesat an OBS node Ueer A ngress Infermediate  Egress Ueer B
. . . . . . ser WILC WILC WILCH ser
at time t, in which casethe rst bit of the corresponding burst is
expectedto arrive at time t + Ty ¢ set - Assumingthat the burst »i—T
can be accepted,the setup messageresenesa wavelength for oxc s etup Wavelength
es4erved

the burst starting at time t°= t + Tofset  Toxc. AS shown inital || Configured
in the gure, at time t% the OBS node instructs its OXC fabric
to con gure its switch elemerts to carry the burst, and this op-
eration completesjust before the arrival of the rst bit of the
burst. Thus, whereasimmediate resenation protocolsonly per-
mit a single outstanding resenation for ead output wavelength,
delayed resenation schemesallow multiple setup messageso Time
make future resenations on a given wavelength (provided of
course, that these resenations, i.e., the corresponding bursts,
do not overlap in time). We also note that, when a burst is
accepted, the output wavelength is resened for an amount of
time equal to the length of the burst plus Tox ¢, in order to
accourt for the OXC con guration time. Figure 3. Delayed resenation

As we can seein Figure 3, a void is created on the output
wavelength betweentime t + Tsewp , When the resenation operation for the upcoming burst is completed, and
time t°= t+ Torrset Toxc, When the output wavelength is actually resened for the burst. If the o set
value Tyt set IS €qual to the minimum value in expression(1), then the length of this void at some OBS node
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X is equal to r Tsewp , Wherer is the number of OBS nodesin the path from x to the destination of the burst.
Consequettly, the void created by a given burst decreasesn sizeasthe burst travelsalongits path.

Delayed resenation schemescan be further classi ed accordingto whether or not they employ specialized
burst scheduling algorithms in an attempt to make use of the voids created by earlier setup messagespy
transmitting bursts whosesetup messagesrrive later. Usually, such scheduling techniques are referred to as
void | ling algorithms.

3.2.1. Delayed Reservation Without Void Filling

Delayed resenation schemes,such asHorizon [2], that do not perform any void lling, aretypically lesscomplex
than schemeswith void lling, such as JET. The Horizon scheme takes its name from the fact that ead
wavelength is assaiated with a time horizon for burst resenation purposes. This time horizon is de ned as
\the earliest time after which there is no planned use of the channel (wavelength)". Under this scheme,

an output wavelengthis reservel for a burst only if the arrival time of the burst is later than the time
horizon of the wavelength;if, upon arrival of the setup message,it is determined that the arrival
time of the burst is earlier than the smallesttime horizon of any wavelength,then the setup message
is rejected and the correspnding burst dropped.

When a burst is scheduled on a given wavelength, then the time horizon of the wavelength is updated to the
departure instant of the burst plus the OXC con guration time Tox c. Consequetly, under Horizon, a new
burst can be scheduled on a wavelength only if the rst bit of the burst arrivesafter all currently scheduled
bursts on this wavelength have departed.

Figure 4 showstwo bursts transmitted successiely on

a givenwavelengthout of an OBS node using the Horizon Setup Message ~ Setup Message
. . . Arrival (Bursti)  Arrival (Burst i+1)
resenation scheme. The setup messagef burst i arrives Toxe
at the OBS node at time t;, and the last bit of this burst S
leaves the node at time t4. Since the OXC needsan _ A
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scheduled on this wavelength until time ts = t4 + Tox c.

Therefore, at _time t, ie., Whgn burst i is accepted,ts Figure 4. Departure processof a wavelength with de-
becomesthe time horizon of this channel. layed resenation and no void lling (Horizon)

Let us now supposethat, as Figure 4 illustrates, the

setup messagef burst i + 1 arrivesat the OBS node at time t, > t;. The node usesthe o set length information
carried in the setup messageto calculate that the rst bit of this burst will arrive at time tg. Sincetg > ts,
burst i + 1 is scheduled for transmission on this wavelength, and the time horizon is updated accordingly to
t7 + Tox ¢, Wherety is the instant the transmission of burst i + 1 ends. This example shows that the o set of a
burst (in this case,burst i + 1) may overlap with the o set and/or transmission of another burst (i.e., burst i).
Howewer, bursts are scheduled in a strict FCFS manner determined by the order of arrival of their respective
setup messages.

3.2.2. Delayed Reservation With Void Filling
JET [14] is the best known delayed wavelength resenation schemethat usesvoid lling. Under JET,

an output wavelengthis reservel for a burst if the arrival time of the burst (1) is later than the time
horizon of the wavelength,or (2) coincides with a void on the wavelength,and the end of the burst
(plus the OXC con gur ation time Tox ¢) occurs before the end of the void; if, upon arrival of the
setup messagejt is determined that none of theseconditions are satis ed for any wavelength,then
the setup messages rejected and the correspnding burst dropped.



Note that, bursts which are acceptedbecausetheir arrival and departure instants satisfy condition (2) above
would have beenrejected by an OBS node using Horizon. Consequetly, JET is expectedto perform better than
Horizon in terms of burst drop probability. On the other hand, the void lling algorithm must keeptrack of,
and seard, the starting and ending times of all voids on the various wavelengths, resulting in a more complex
implemertation than either Horizon or JIT.

Figure 5 illustrates the void- lling operation of JET.

The gure shows two bursts, A and B, which are both Setup lessage

transmitted on the sameoutput wavelength. The setup  Seus vessage l .

messagefor burst A arrives rst, followed by the setup — e

messagefor burst B. As we show in the gure, burst A ‘ : —

hasa long o set. Upon receipt of its setup messagethe ...: | ; el | | -
switch notes the later arrival of burst A, but does not ' i, CBusiBY, i BustA  Tme
initiate any connection within its cross-connectfabric. [ offset [ Opical Burst

Onceburst A hasbeenaccepted,a void is created, which

is the interval of time until the arrival of the rst bit of Figure 5. Non-FCFS service of a wavelength in an OBS
the burst at time tg. Let us assumethat at time t, when node with delayed resenation and void lling (JET)

the setup messagefor burst B arrives, no other burst

transmissionshave beensceduled within this void.

Upon the arrival of the setup messagdor burst B at time t,, the switch notesthat burst B will arriv e before
the arrival of burst A, and runs a void lling algorithm [15,16] to determine whether it can acceptthe new
burst. In order to acceptthe new burst, there must be su cien t time betweenthe end of the transmission of
burst B and the arrival of burst A for the switch to recon gure its cross-connectfabric to accommalate burst
A. For the scenariodepicted in Figure 5, burst B is accepted,and it completesservice before the arrival of
the rst bit of burst A. Sincethe setup messagedor burst B arrived after the setup messagedor burst A, this
operation results in a non-FCFS serviceof bursts.

4. MODELS OF AN OBS NODE

In this section, we develop three analytical models for an output port p of an OBS node, one for ead of the
three resenation schemesJIT, JET, and Horizon. In our analysis, we make the following assumptions:

Setup messagesorresponding to bursts destined to output port p arrive at the OBS node according to
a Poissonprocesswith rate ; this arrival rate is the total rate over all input ports. This assumption is
made mainly for mathematical tractabilit y, and is commonin the OBS literature [2,6{11].

Burst lengths follow a general distribution with CDF B(l) and Laplace transform B?(s). We let 1=
denote the mean of the burst length distribution.

O set lengths follow a general distribution with CDF G(z) and Laplace transform G?(s). We also let
Tof t set (X)) denotethe mean o set length under resenation schemeX .

An output wavelength is resened for a given burst for a period of time that is larger than the length of
the burst; at a minimum, the wavelength must be resened for the duration of the burst length plus the
OXC con guration time Tox ¢, to allow for setting up the optical switch fabric to establish a connection
from the input to the output port. Therefore, we de ne the e ective service time of a burst asthe amount
of time that an output wavelength is resened for the burst. As we shall see,the e ectiv e servicetime of
the burst dependson the wavelength resenation schemeused.

We note that, while the burst arrival rate  and the burst length distribution are not a ected by the resenation
scheme (JIT, JET, or Horizon), the o set length distribution is a ected by the choice of resenation scheme.

Note that we have assumedthat setup messagesarrive as a Poisson processwith rate . Let us now
concerirate on the arrival processof the corresponding bursts, rather than that of the setup messages.The



arrival time of a burst is the arrival time t of its setup messageplus an o set, which is distributed according
to a generaldistribution G(z). One way of thinking about this burst arrival processis to assumethat bursts
arriv e at the sametime astheir corresponding setup messagegi.e., asa Poissonprocesswith rate ), but they
have to be sened by a ctitious in nite serwer (i.e., an M=G=1L queue)before they enter the OBS node. The
servicetime at this in nite senwer is distributed accordingto the CDF of the o set length, G(z). As a result,
the actual arrival of a burst to the OBS node is indeed the arrival time of its setup messageplus an o set
time distributed accordingto CDF G(z). It is well-known that the departure processof an M=G=1L queueis
a Poissonprocesswith rate , the sameasthe arrival process. Therefore, burst arrivals to the OBS node are
also Poissonwith rate

We note that the above M =G=1 model assumesptimal scheduling and void lling algorithms, in the sense
that no burst is dropped if it can be carried by the switch; in practice, fast suboptimal algorithms may be
used, in which casesomebursts may be dropped even if they would be scheduled under an optimal algorithm.
Furthermore, the M=G=1 model is an approximation sincethe underlying assumptionis that the decisionto
acceptor drop the burst is taken at the moment the rst bit of the burst arrives. In other words, this model is
exact only under the assumptionthat processingof setup messagesnd the OXC con guration takeszerotime.
In reality, the decisionto acceptor drop a burst is taken at the instant its setup messagearrives,and if a setup
messageis rejected then the corresponding burst never arrives at the OBS node, resulting in a non-Poisson
arrival processfor bursts. However, the M=G=1 model is both conceptually simple and reasonably accurate,
and we will make useof it in the analysis of someof the resenation schemes.

We model the output port of an OBS node asa multiple serverlosssystem,and we usethe Erlang-B formula
to obtain the burst drop probability. The Erlang-B formula for an m-serner systemwith trac intensity is:

Erl(;m) = Pyp——p (2)

In the following subsections,we determine accurate values for the intensity under ead resenation scheme.
Sincethe loss probability in an m-sener loss system is insensitive to the servicetime distribution, we usethe
Erlang-B formula above for any distribution of the e ectiv e servicetime of bursts.

41. A Mo del of JIT

In order to determine the e ectiv e servicetime of a burst under the JIT resenation scheme,let us refer again
to Figure 2. We obsene that, for a given burst, a wavelength is resened for a length of time that is equal to
the sum of two time periods. The duration of the rst period is equal to the burst o set, and is distributed
accordingto CDF G(z) with a mean T fset(J1 T). The duration of the secondperiod is equal to the burst
length, and is distributed accordingto CDF B (I) with a mean1= . Consequetly, the Laplace transform of the
distribution of the e ectiv e servicetime of bursts is given by G?(s)B?(s), with mean1= + Toset (1 T).

Based on these obsenations, an output port of an OBS node using JIT behavesas an M=G=W=W loss
system,where W is the number of wavelengthsof the port. The trac intensity (JIT) of the queueis:

JIT) = } + Torrset(JIT) 3)

and the burst drop probability is given by Erl( (JIT);W). We also note that, under the assumption that
setup messagesrrive as a Poissonprocess,the M =G=W=W queueis an exact model for JIT. This model has
beenusedin earlier studies, e.g.,in [8], where, however, the assumptionwasmadethat burst (rather than setup
messagerrivals are Poisson;in that case,the model is only approximate.

42. A Mo del of JET

The operation of an OBS node under the delayed resenation schemeis more complicated than under immediate
resenation (i.e., JIT). Let us rst considerthe casein which void lling is employed [15,16] when allocating
a wavelength to a burst, asin the JET [14] resenation scheme. The dicult y in this casearisesfrom two



obsenations regarding burst transmissionson a given output wavelength. First, the o set of a given burst may
overlap with the o set and/or transmission of one or more other bursts. Second, bursts are not necessarily
senedin an FCFS fashion. This overlap feature and resulting non-FCFS servicewere illustrated in Figure 5.

To overcomethe di cult y introducedby the o set overlap and the non-FCFS service,let us concenrate on
the departure processof a given output wavelength. In Figure 6, we show two bursts transmitted successiely
out of the switch on a given wavelength. We number the bursts in the order in which they degart the switch,
sothat burst i + 1isthe rst burst to be transmitted out on this wavelength after burst i; note that, due to
the possibility for void lling, this may not be the order in which the setup message®f the two bursts arrived.

As Figure 6 illustrates, the rst bit of burst i arrives

at the OBS node at time t;, and the last bit of the same Burst

burst leavesthe switch at time t,. Recall that the OXC Burst i k Im%rﬁmrgval‘ Burst i+1
needsan amourt of time equalto Tox ¢ to recon gure its S e N I
switching elemerts to perform a connectionfrom another b boh g s Time
input port to this output wavelength. Therefore, the Burst Interdeparture Time

switch cannot accommalate a new burst on this wave-
length until time ts, which is such that t3 = t; + Toxc.
In fact, any setup messagefor a burst scheduledto ar-
rive at the switch in the time interval betweent, and t3
would have beenrejected by the switch scheduling algorithm. Therefore, we can think of a burst as occupying
the channel not only during its transmissiontime (equal to its length), but alsofor an additional amourt of time
equalto Tox c. Consequetly, the e ectiv e servicetime of a burst follows a generaldistribution with Laplace
transform B?(s)e SToxc and meanl1= + Toxc.

Based on the above obsenations, an output port p with W burst wavelengths can be modeled using the
M =G=W=W losssystem. The trac intensity (JET) for this systemis given by

1

Figure 6. Departure processof a wavelength in an OBS
node with delayed resenation and void lling (JET)

(JET) = + Toxc 4)
and the probability of burst lossat the output port is given by the Erlang-B formula Erl( (JET); W). Note
that, aswe discussedabove, the M =G=W=W model for JET is approximate sinceit assumesa Poissonarrival
processfor bursts (or equivalertly, that scheduling decisionsare madeat the instant a burst arriv es,rather than
at the time the setup messagearrives). It also implies optimal scheduling decisions,when in practice a fast
suboptimal algorithm may be used. Nevertheless,numerical results to be preserted shortly indicate that this
model is quite accurate.

4.3. A Mo del of Horizon

Similar to JET, the length of a wavelength resenation in Horizon is equal to the duration of a burst's trans-
mission plus the OXC con guration time Tox c. In order to accourt for the \no-v oid- lling" feature of Horizon
comparedto JET, we let the meane ectiv e servicetime of bursts be equalto the meanwavelength resenation,
1= + Tox c, plus a quantity 0. That is, we usethe following value for the tra c intensity of Horizon:

(Horizon) = 1 + Toxc + ()

We rst note that, whenthe valuesof the systemparametersTox ¢, Tsewp , and 1= are such that no void lling
is possiblein the OBS network (refer to our discussionin Section 4.4), then obviously, = 0 and Horizon has
the sameburst drop probability asJET. Howewer, if void lling is possible,then > 0, and the trac intensity
of Horizon is greater than that of JET (refer to expression(4)), resulting in higher burst drop probability.
Using > 0in (5) implies that the e ectiv e servicetime of bursts is larger than under JET. This increasein
the e ectiv e servicetime of bursts hastwo consequences:rst, voids becomesmaller, and second,the \larger"
bursts will not t within the \smaller" voids. Therefore, the essenceof our approximation is to accourt for
the lack of void lling by appropriately increasingthe e ectiv e servicetime of bursts, and in turn, the trac
intensity. In Appendix A, we show how to estimate the value of  in expression(5).



4.4, Discussion

If weignorethe di erences in the setup messagerocessingtime Tsewp (X ) amongthe three resenation schemes
X, then, in general, JET will result in the lowest burst drop probability, followed by Horizon and JIT. In

practice, however, the relative performanceof the three schemesdependson the actual valuesof certain system
parameters. Let X Y denote that resenation scheme X is equivalent to schemeY (in the sensethat both

result in the same burst drop probability), and X Y denote that schemesX and Y result in approximately
the same burst drop probability. Then, we can make the following obsenations.

Toxc > KTsewp ) JET  Horizon

Referring to (1), if Tox ¢ is larger than the sum of setup messageprocessingtimes, then no void lling
may take place. This is becausetwo OXC con guration operations are neededfor a burst with a later
setup messagdo Il avoid createdby a burst with an earlier setup message:one operation to switch the
former burst, and oneto switch the latter. The total time required for these operations is 2Tox ¢, While
the void is at most equalto Toffset = Toxc + KTsewp  2Tox c. Therefore, JET reducesto Horizon in
this case.

Minimum burst length + Tox ¢ > KTsewp ) JET  Horizon
For similar reasons,if the minimum burst length plus the OXC con guration time Tox ¢ is larger than
the sum of processingtimes, then no void lling is possible,henceJET reducesto Horizon.

Torfset = constart ) JET  Horizon

If the o set valueis constart (rather than equalto the minimum valuein (1)), then novoid lling is possible
therefore JET reducesto Horizon. Note that a constart o set value may be of practical importance. For
example, rather than estimating the number of hopsto the destination in order to compute the minimum
o set value accordingto (1), it may be desirableto setthe o set to a large value that can accommalate
any source-destinationpair; this is similar to setting the TTL of an IP padket to a high value rather than
one basedon a given source-destinationpair. Furthermore, if alternate routing algorithms are used to
reducethe burst lossprobability, as has beensuggestedn the literature, then the number of hopsin the
actual path may not be easyto estimate; a large constart o set value might then be appropriate.

(1= Toxc and 1= Tsewp)) JET  Horizon JIT

If the meanburst sizel= is large relative to the valuesof Tox ¢ and Tsewp , then from (1), it is alsolarge
with respectto Tofset- AS aresult, there are few opportunities for void lling or delayedresenations, and
the performanceof all three schemeswill be very similar. We can reac the sameconclusionby observing
that, in this case,the trac intensity value of JIT, JET, and Horizon (see(3), (4), and (5)) is dominated
by 1=, resulting in similar burst drop probabilities for the three schemes. Note that Tox ¢ and Tsewp
represen the overheadsassaiated with switching bursts in the network. Therefore, it is reasonableto
assumethat, whatever the actual valuesof these parameters,the mean burst length must be signi cantly
larger, otherwise the network will waste a large fraction of its resourceson overhead operations rather
than on transmitting bursts, resulting in low throughput or high burst drop probability regardlessof the
resenation schemeused.

As aburst travelsalongits path, its o set value decreasedy an amount equalto Tseyp for ead1 OBS node
visited. As a result, inside the network, the o set value becomesdominated by Tox ¢ (refer to (1)), and
all three resenation schemeswill have similar performance. Consequetly, the JET or Horizon schemes
may o er the highest benet at edgenodes,rather than inside the network.

5. NUMERICAL RESUL TS

In this section we compare the JIT, JET, and Horizon schemeson a single OBS node in terms of burst loss
probability. We usethe Erlang-B formula (2) with the appropriate trac intensity to obtain the burst loss
probability. Since this formula is exact only for JIT, we also use simulation for the other two resenation
schemesto estimate the burst loss probability. In obtaining the simulation results, we have estimated 95%
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con dence intervals using the method of batch means. The number of batchesis 30, with ead batch run
lasting until at least 120, 000 bursts are transmitted to the switch. However, we have found that the con dence
intervals are very narrow. Therefore, to improve readability, we do not plot the con dence intervals in the
gures presened in this section.

Becauseof space constraints, we show results for two sets of values for the system parameters: one set
correspondsto the current state of technology, and one set correspondsto projections regarding the future state
of technology. For the current scenario,we let Tox ¢ = 10 ms, a value that represens the con guration time
of existing MEMS switches [13], and Tsewp (JI1T) = 125 s, a value that correspondsto the processingtime
of JIT signaling messagesn our JITP AC cortrollers [12]. For the future scenario,we let Toxc = 20 s (an
improvemert of three ordersof magnitude over the current scenario)and Tsewp (J1T) = 1 s (an improvemert of
one order of magnitude). Sincewe do not have actual valuesfor Tsewp (J1 T) and Tsewp (H Orizon), we estimate
their valuesto be four and two times, respectively, the value of Tsewp (J1T). In other words, Tsewp (JIT) =
50 s; Tsewp (Horizon) = 25 s, for the current scenario,and Tsewp (JIT) = 4 'S; Tsewp (Horizon) = 2 s, for
the future scenario;while thesevaluesare best guessestimates, we have found that the relative performanceof
the three sdhemesis not signi cantly a ected aslong asthesevaluesare a small multiple of Tsewp (JIT).

In our study, the mean burst size1l= wassetto 50 ms for the current scenario,and 100 s for the future
scenario;note that thesevaluesare equalto v etimes the respective valuesof Tox ¢c. We alsoassumethat the
number of hopsin the path of a burst is uniformly distributed between1 and 10, and we calculate the o set
using (1). The burst arrival rate is such that, for both scenarios, = = 32. Finally, in the simulation, we
usedthe latest available unused channel (LA UC) algorithm [15,16] in JET and Horizon to selectan available
wavelength for an arriving burst; for JIT, on the other hand, any of the available wavelengthswas selectedwith
equal probability to transmit a new burst.

Figures 7 and 8 plot the burst drop probability of JIT, JET and Horizon asthe number W of wavelengths
variesfrom 8 to 64. Becauseof the high value of the arrival rate  relativeto the meanburst size( = = 32), the
burst drop probability is high for up to W = 32wavelengths,but it drops dramatically for W = 64, and becomes
zero for W = 128 (not shown in the gures). We obsene the good match between analytical and simulation
results for JET and Horizon, acrossboth setsof valuesfor the system parametersas well as acrossthe various
valuesof W. We also seethat the burst drop probability curvesin the two gures are very similar, despite the
fact that the ratio Tox ¢ =Tsetwp (J1T) drops from 800 in the current scenarioto 20 in the future scenario(the
relative values of the processingtimes of JIT, JET, and Horizon do not changein the two scenarios). More
importantly, we obsene that the burst probability of the three resenations schemesis identical, except for
W = 64 in the future scenario,where JET and Horizon slightly outperform JIT. In other words, our results
show that, with these setsof valuesfor Tsewp ad Tox c, there is little opportunity for performing void lling



or scheduling of multiple bursts on a wavelength, and thus JET and Horizon behave similarly to JIT. Similar
results have been obtained for a wide range of valuesfor Tsewp and Tox c. On the other hand, we have found
that JET and Horizon perform much better than JIT when the mean burst size is signi cantly smaller than
Tsewp and/or Toxc, in which casethere is ample opportunity for void lling and/or scheduling of multiple
bursts in the future. However, aswe mentioned earlier, it is highly unlikely that OBS networks will be designed
to operate under such a scenario,sincethe high switching and processingoverheadwould imply low throughput.

6. CONCLUDING REMARKS

We have preserted a detailed analysis of the JIT, JET, and Horizon wavelength resenation schemesfor OBS
networks. We have alsopreserted numerical resultsto comparethe performanceof the three schemesin terms of
burst drop probability under a range of network scenarios.Our work accourts for the switching and processing
overheadsassaiated with bursts asthey travel acrossthe network, and it provides new insight into the relative
capabilities of the various schemes. Our ndings indicate that the simpler JIT resenation scheme appearsto
be a good choice for the foreseeablduture.
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APPENDIX A. ESTIMA TION OF THE PARAMETER FOR HORIZON

We now consider the problem of estimating the value of parameter in the expression(5) for the trac
intensity of Horizon. Recallthat represerts the increasein the e ectiv e servicetime of bursts under Horizon
over that under JET, to prevert any void lling from taking place. In the following analysis, we considera single
wavelengthw;w = 1; ;W, of the output port in isolation. Assuming that the burst scheduling algorithm is
not biasedto favor somewavelengthsover the others, then, in the long run, we can assumethat the arrival rate
of bursts to ead wavelengthis equalto =W . Reasoningabout the departure processof Horizon becomesmuch
easierwhen there is a single output wavelength, and, comparing to simulation results, we have found that the
results of consideringead wavelength in isolation are reasonablyaccurate.

Let us refer to Figure 4 which shows the burst departure processon a single wavelength. We note that,
becauseof the additional burst dropping (comparedto JET) dueto the lack of void lling, the meanlength of
the interval tg ts is greater than the mean burst interarrival time W= . The essencenf our approximation is
to increasethe e ectiv e servicetime of bursts by an amourt equalto the di erence betweenthe meanlength of
this interval and the mean burst interarriv al time.

We now show how to nd the distribution of the length u of the interval of time betweents and tg in
Figure 4. This interval correspondsto the time until the next burst arrival, sinceany burst arriving after time
ts is accepted. We let Prold™®" st(u) denote the probability that no burst arrivesin an interval of length u;
note that we assumethat this probability dependsonly on the length of the interval, not its start time.

Let us de ne the holding time of a burst as the sum of three quartities: (1) the burst o set, (2) the burst
length, and (3) the OXC con guration time Tox c. From Figure 4, we obsene that burst i + 1isthe rst burst
whosesetup messagearrivesafter the arrival of burst i's setup messageand whose rst bit arrivesafter the
end of the holding time of burst i (i.e. ts). In other words, all the bursts with setup messagesrriving between
t; and t, must have completed their o set beforets. Therefore, to analyze the interval between the end of
the holding time of burst i and the arrival of burst i + 1, we only needto considerthose bursts whose setup
messagesrrive betweent; and t,. Thus we can initiate a new busy period at time t;, sot; is time 0 in this
new busy period.

Let s denotethe holding time of a burst, which is distributed accordingto CDF H (s); the Laplacetransform
of this CDF can be easily obtained from the de nition above. Let alsot = t, t; denotethe interval between
the arrival times of the setup message®f bursts i and burst i + 1.

From [17], we know that for a Poissonarrival process,with a certain number of customersarriving within a
given period, the arrival times of thesecustomersare uniformly distribuigd in that period. Thus, the probability
that a customer arriving in (O;u) is still in the systemat time u®is 0“ [1 G® x)] dx, where G(z) is the

CDF of the o set length. Then, the probability that the k bursts Wuholsesetup messagearrivesin the period
k

)

(0; t) would have their rst bit arrive beforetime s is tl SG(S X) dx

The sum of k + 1 exponertially distributed intervals follows a (k + 1)-stageErlang distribution, sothe PDF
— — k =)
of t ist —& (“Wk!) e Therefore, the probability that all the bursts whose setup messagesrrive in the
period (0;t) would have their rst bit arrive beforetime s is:
* (ew )k 1%t X
—e =W = G(s Xx)dx = _ e =Wt G(s x)dx 6
W 1,06 X W ’ ©

k=0

Now, the probability that burst i + 1 (whose setup messagearrivesat time t) has an o set greater than
s+uisl G(s+u t), andthe probability that no burst arrivesduring the interval (s;s + u) is:

Profiobur st(y) = _e ' o CE N Gs+u  t)]dt dH(S) @)

s=0 t=0 w R
he CDF of uis P(u) = 1 Prold™® st(u), and we obtain the expected value of u as: U = 01 udP(u) =
01 (1 P(u))du. Giventhe CDF G(z) and H (s), it is possibleto compute T numerically. Wethenlet = - 1

in the expression(5) for the trac intensity of Horizon.



